1. Introduction {#sec1}
===============

Over the past few decades, clean water has become a significant issue for many countries.^[@ref1],[@ref2]^ In nuclear power plants (NPPs), water (or seawater) is used as the moderator or coolant, which motivates them to be located near the coast.^[@ref3],[@ref4]^ Because NPPs can sometimes be dangerous and unpredictable, the treatment of enormous wastewater containing nuclides is of significant importance and a much studied area. The actual radioactive wastewater contains radionuclides with an activity concentration of 10--10^3^ Bq g^--1^ containing impurities such as organic complex agents and dissolved salts.^[@ref5]^ The release of radioactive wastewater from nuclear facilities definitely causes the serious contamination of aqueous systems, and among the various nuclides released, ^137^Cs, ^90^Sr, and ^60^Co are considered the most significant species because of their high gamma radiation, long half-life (30.2 years, 28.79 years, and 5.27 years, respectively), and high solubility in water.^[@ref6]^ Because of the potentially harmful nature of these fission products in nuclear facility, for instance, causing cancer in tissues and organs when entered into living organisms,^[@ref5],[@ref6]^ there is great interest in developing improved techniques to purify aqueous media by removing hazardous materials. Further, IAEA regulated the maximum ^137^Cs, ^90^Sr, and ^60^Co concentrations allowed for safe discharge into the environment as 0.1 Bq g^--1^ (3.1 × 10^--8^ ppm), 1 Bq g^--1^ (1.8 × 10^--7^ ppm), and 0.1 Bq g^--1^ (2.5 × 10^--9^ ppm), respectively.^[@ref7]^

The current handling technologies are evaporation and ion exchange to treat radioactive wastewater.^[@ref8]^ However, the evaporation process requires high energy consumption and leads to corrosion issue. Ion exchange produces tremendous amount of spent resin, which must be transported and stored for a long time after solidification.^[@ref9]^ As an alternative, membrane-based separation has been an increasingly popular technology because of its low-energy intensity, high efficiency, simple maintenance, continuous operation, and low person exposure for radiation.^[@ref10]^ To surpass other techniques, membrane materials used for separation should possess high permeability (throughput) and high selectivity (process efficiency).^[@ref11]−[@ref13]^ Thus, membrane fabrication is one of the most critical factors in selective separation. Because wastewater treatment related to NPPs is the industrial operations and highly dependent on safety, a polymeric membrane, which exhibits stable processability, is more appropriate for the separation of nuclides. The polymeric membranes have been employed to the wide range of treatment applications by passing through raw water including impurities, such as macro- to micro-particles (e.g., sand, hair, and pollen), molecules (e.g., bacteria, asbestos, and viruses), and ions (e.g., salt and metal).^[@ref14]^

There are several membrane processes such as microfiltration,^[@ref15]^ ultrafiltration,^[@ref16]^ nanofiltration (NF),^[@ref9]^ reverse osmosis (RO),^[@ref17]^ membrane distillation,^[@ref18]−[@ref21]^ and forward osmosis^[@ref5],[@ref22]^ applied to purify radioactive wastewater. These techniques are classified by operation principle, membrane structure, separation mechanism, and target component. The selection of appropriate operation and membrane is the most important aspect in membrane separation community.^[@ref23]^ NF membranes are widely applied for desalination and separation of wastewater to achieve low operation pressures and high permeation fluxes.^[@ref24]^ Also, the RO membrane-based separation process is the key technology consistently providing clean water because of its high performance and cost efficiency.^[@ref25]^

In this work, we describe the NF and RO techniques using commercial membranes for application in desalination and aqueous nuclide separation. Membranes used in NF and RO are studied to understand the physicochemical properties and permeation characteristics of aqueous nuclide solutions such as Cs, Sr, and Co in single and mixed streams. We demonstrate that the NF and RO membranes display decent permeation properties, highly rejecting nuclides considering their salt rejection at 298 K correlating with their properties of selective layer.

2. Results and Discussion {#sec2}
=========================

2.1. Membrane Characterization {#sec2.1}
------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} exhibits the surface and cross-sectional high-resolution scanning electron microscopy (HR-SEM) images of the commercial membranes, NF90, NF270, TW-2540, and XLE-2540. The commercial membranes displayed the ridge-and-valley surface morphology, typically observed for the interfacial polymerization-assembled polyamide (PA) layer.^[@ref26]^ A continuous and uniform polymeric layer was observed from the NF and RO membranes. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e--h, the thickness of the selective layer varied between membranes, which has a significant effect on the membrane flux. More specifically, the thickness of NF270 (70 ± 14 nm shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f) is thinner than that of NF90 (252 ± 52 nm shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e), which implies to have relatively higher flux. Besides, the thicknesses of TW-2540 (159 ± 30 nm shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g) and XLE-2540 (222 ± 37 nm shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}h) are marginally close, indicating a similar flux. The selective layer is a hydrophilic ultrathin barrier layer with PA, making it possible to preferably permeate water. These commercial membranes consist of a selective layer, an interlayer, and structural support. The three different layers are clearly visible by combining with their wide view HR-SEM images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The structural support is a thick polyester web (solid arrows), and the microporous interlayer (dotted arrow) consists of polysulfone (PSf). The entire membrane thicknesses, ranging from 133 to 142 μm, are summarized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the Fourier transform infrared/attenuated total reflection (FT-IR/ATR) spectra of commercial membranes from 1450 to 1800 cm^--1^, related to the PA selective layer and the underlying PSf support layer. The FT-IR/ATR spectra of commercial membranes are almost identical, referring that the chemical structure of membranes is the same. The commercial membranes had peaks at 1668 cm^--1^ (C=O bond stretching), 1610 cm^--1^ (H-bonded C=O bond stretching), and 1542 cm^--1^ (N--H bond in-plane bending), which correspond to the characteristic peaks of PA.^[@ref27],[@ref28]^ NF270 had relatively weak peaks, indicating a less dense PA layer compared to others. The PSf peaks at 1585 and 1487 cm^--1^ were detected in all commercial membranes, which clearly demonstrated that PSf was used as a support layer for these membranes. The PSf layer was detected because the penetration depth of the IR is larger than the thickness of the selective layer ranging from 70 to 250 nm. From the thermogravimetric analysis (TGA) results shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, two different weight losses were seen for commercial membranes at temperature ranging from 400 to 450 and 500 to 550 °C while displaying almost similar patterns of curve. Each weight loss is assigned to initial decomposition temperatures of the PSf and PA blends and decomposition of PSf.^[@ref29]^ NF90 has 8 weight % larger loading of PSf and PA blends than NF270, which implies a dense selective layer. However, RO membranes have less than 3 weight % difference in the loading of PSf and PA blends, indicating comparable density of selective layer between TW-2540 and XLE-2540. The in-depth explanation for the difference in chemical structure, bonding, and loading of commercial membranes is limited because of proprietary compositions. Nevertheless, it was hypothesized to stem from their inherently different selective layer thickness, relative peak intensities of PA, and different loading of PSf and PA blends.

![(a--d) Surface and (e--h) cross-sectional HR-SEM images of (a,e) NF90, (b,f) NF270, (c,g) TW-2540, and (d,h) XLE-2540 membranes.](ao0c02106_0001){#fig1}

![Cross-sectional HR-SEM images of (a) NF90, (b) NF270, (c) TW-2540, and (d) XLE-2540 membranes with low magnification.](ao0c02106_0003){#fig2}

![Entire thickness of commercial membranes measured by digital caliper.](ao0c02106_0004){#fig3}

![FT-IR/ATR spectra of commercial membranes.](ao0c02106_0005){#fig4}

![TGA curves of (a) commercial membranes, (b) comparison in NF membranes, and (c) comparison in RO membranes.](ao0c02106_0006){#fig5}

2.2. Desalination Characteristics {#sec2.2}
---------------------------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the desalination results using commercial membranes (NF90, NF270, TW-2540, and XLE-2540) under 30 bar at 298 K. For the feed reservoir, seawater was simulated with 35,000 ppm (3.5 weight %) of sodium chloride (NaCl) aqueous solution. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the conductivity values coincided well with the designated value 54.7 mS cm^--1^, standing for 35,000 ppm of NaCl aqueous solution. After permeating the NF membranes (NF90 and NF270), the conductivity values dropped to 19.5 and 37.8 mS cm^--1^, corresponding to 12,400 ppm and 24,300 ppm. The rejections are 64 and 31%, which are well matched with the PA peak density and PA loading. However, these rejections are not the qualified values of the desalination membranes. Because of the usual trade-off property coming from the separation membranes between flux and rejection,^[@ref30]^ NF90 shows a lower flux (160 L m^--2^ h^--1^) than NF270 (210 L m^--2^ h^--1^), coinciding with their thickness difference of selective layer. Even if NF270 has a higher flux, NF90, which shows a higher rejection, is a more appropriate membrane for nuclide separation.

![Desalination performances of NF and RO membranes under 30 bar at 298 K: (a) conductivity and (b) flux and rejection from NF90 and NF270, (c) conductivity, and (d) flux and rejection from TW-2540 and XLE-2540, respectively.](ao0c02106_0007){#fig6}

The RO membranes were also tested for the desalination of simulated seawater. After permeating the RO membranes (TW-2540 and XLE-2540), the conductivity values significantly dropped to 14 and 12 mS cm^--1^, which correspond to 8900 and 8000 ppm. The rejection values are 74 and 77%, which are consistent with the similar PA density and loading. The rejection is tailored by intrinsic properties of PA chemistry repelling NaCl while permeating water.^[@ref31]^ Besides, the flux was significantly reduced to 13 L m^--2^ h^--1^ for TW-2540 and 22 L m^--2^ h^--1^ for XLE-2540, indicating that the RO membranes are almost 10 times less permeable compared to NF membranes. Considering the high rejection requirement for wastewater purification related to the NPPs, even if the flux is low, the RO membranes are more appropriate for nuclide separation than the NF membranes. Thus, the RO membranes (TW-2540 and XLE-2540) were further investigated to separate aqueous solutions containing nuclides such as Cs, Sr, and Co.

2.3. Nuclide Separation Characteristics {#sec2.3}
---------------------------------------

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the nuclide separation results for aqueous nuclide solutions containing 10 ppm of Cs, Sr, and Co ions using RO membranes under 30 bar at 298 K. For TW-2540, the nuclides were rejected from around 10 to 0.4 ppm for Cs, 0.8 ppm for Sr, and 0.05 ppm for Co. In the case of permeation using XLE-2540, the nuclides were rejected from around 10 to 0.1 ppm for Cs, 0.2 ppm for Sr, and 0.5 ppm for Co. The concentration downgrade corresponds to the rejection of 95.1, 93.0, and 99.6% for TW-2540 and 98.8, 98.0, and 96.0% for XLE-2540, respectively. The significant downgrade of concentration is attributed to the nuclide rejection by PA chains and their high affinity to water. It was also demonstrated that the concentration downgrade is valid in different feed concentrations, such as 5 and 20 ppm, as shown in Figure S1 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02106/suppl_file/ao0c02106_si_001.pdf)). Because the RO membranes separate almost all of the target species via physicochemical mechanisms, there is no significant rejection difference among each nuclide solutions.

![Single-nuclide separation performances from RO membranes under 30 bar at 298 K: (a) concentration downgrade and (b) flux and rejection from TW-2540, (c) concentration downgrade, and (d) flux and rejection from XLE-2540.](ao0c02106_0008){#fig7}

For completeness, the NF membranes were also tested for nuclide separation under the same conditions, as shown in Figure S2 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02106/suppl_file/ao0c02106_si_001.pdf)). In comparison with the RO membranes, they had a higher flux with low rejection, which is not fully suited for nuclide separation. More specifically, the fluxes of NF90 for the three nuclides ranged from 237 to 279 L m^--2^ h^--1^, with rejections ranging from 63 to 83%. NF270 had the same rejection period, with higher fluxes ranging from 321 to 354 L m^--2^ h^--1^. The overall tendency of NF membranes coincides well with the desalination process and the traditional trade-off property of membrane separation. In contrast, the rejection order (*R*~Cs~ \> *R*~Sr~ \> *R*~Co~) of nuclides is clearly different from that of the RO membranes, repelling all nuclides with same intensity. This result indicates that the nuclide flux is more highly dependent on diffusivity, the size selective property, in polymer chains rather than solubility in the membrane when molecules permeate through NF membranes. Because the permeation of NF membranes displayed relatively poor performance on rejection in comparison to RO membranes, mixed nuclide separation was focused on RO membranes.

For application to the treatment of more realistic wastewater, mixed nuclide aqueous solution permeated to the RO membranes under 30 bar at 298 K ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The mixed nuclide aqueous solution was a combination of the above-described nuclides, Cs, Sr, and Co. Both of the RO membranes showed slightly improved rejection with comparable flux compared to the single-component permeation. This is presumably due to the increased friction among the nuclides in the solution and membrane. In the molecular separations, the empirical fact is that mixed component permeations present similar or better rejections.^[@ref32]^ Solutions containing around 10 ppm of each nuclide (Cs, Sr, and Co) were purified to 0.2, 0.1, and 0.1 ppm by TW-2540. Moreover, XLE-2540 downgraded the concentration to 0.17, 0.09, and 0.11 ppm. In terms of rejection, this is above 98%, which indicates potential option to purify wastewater from NPPs for safe discharge into the environment. More importantly, XLE-2540 had an extremely high rejection of 98.5% for Cs, 99.2% for Sr, and 99.0% for Co. These rejection values are comparable to the currently operating RO membranes in NPPs.^[@ref33]^ However, they showed similar fluxes as single-component permeations, 76.8 L m^--2^ h^--1^ for TW-2540 and 155.4 L m^--2^ h^--1^ for XLE-2540.

![Mixed nuclide separation performances from RO membranes under 30 bar at 298 K: (a) concentration downgrade and (b) flux and rejection from TW-2540, (c) concentration downgrade, and (d) flux and rejection from XLE-2540.](ao0c02106_0009){#fig8}

If the flux through a membrane is higher, the time consumption for the wastewater treatment process decreases. In the treatment of wastewater coming from a nuclear facility, time consumption is a very important factor because time requirement directly correlates with the total cost of wastewater treatment.^[@ref34]^ Also, wastewater generated during NPP operation is supposed to be rapidly recycled. To obtain a higher flux in the RO system, mixed nuclide separation was performed under 40 bar at 298 K ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Higher flux, by the higher driving force, was obtained for both TW-2540 and XLE-2540 membranes, as expected. Because of the trade-off from increased flux, both membranes incur slightly lower rejection for all nuclides. In the case of permeation of TW-2540, stable rejections, with a maximum loss of 1.3%, were acquired for each nuclide, but XLE-2540 lost up to 8.2% in rejection. The same trend was observed when mixed nuclide separation was performed under 20 bar at 298 K as shown in Figure S3 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02106/suppl_file/ao0c02106_si_001.pdf)). This is probably due to the structural endurance difference between TW-2540 and XLE-2540. Based on the universal test, TW-2540 has a higher tensile strength value, 55.2 MPa, which indicates requiring more load until failure compared with that of XLE-2540, 50.5 MPa. It is speculated that high tensile strength alleviates the negative effect of the TW-2540 membrane caused by the increased feed pressure. An even higher rejection can be anticipated tuning the feed pressure and membrane surfaces.

![Mixed nuclide separation performances from RO membranes under 40 bar at 298 K: (a) concentration downgrade and (b) flux and rejection from TW-2540, and (c) concentration downgrade, and (d) flux and rejection from XLE-2540.](ao0c02106_0010){#fig9}

3. Conclusions {#sec3}
==============

This work demonstrates that commercial NF and RO membranes can perform not only desalination but also the separation of aqueous nuclide solution. Commercial PA-based membranes exhibit decent rejection for simulated seawater and high rejection for aqueous nuclide solutions (Cs, Sr, and Co) at 298 K. This is because the PA group repels the NaCl and nuclide ions, reducing the effective permeation of them, which highly coincides with their physicochemical properties. RO membranes are more appropriate for nuclide separation because of their high rejection while NF membranes display high flux. This study on polymeric membranes for nuclide separation contributes to the understanding of the permeation of nuclide solutions through polymeric membranes. Furthermore, RO membranes are effective in the permeation of mixed nuclide solution, which indicates that they are applicable to more realistic conditions. Future work using radioactive nuclides is warranted.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

The following chemicals were used as received: NaCl (99.5%, Junsei), cesium chloride (99.9%, Sigma-Aldrich), cobalt dichloride hexahydrate (99%, Showa), strontium dichloride hexahydrate (98%, Junsei), and nitric acid (0.1 mol/L, SAMCHUN). The NF membranes (NF90 and NF270) and RO membranes (TW-2540 and XLE-2540) were purchased from DOW FILMTEC.

4.2. Experimental Equipment {#sec4.2}
---------------------------

The NF and RO membrane performance was evaluated with the lab-made cross-flow test unit shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. A feed tank with 20 L volume was included in the instrument for running a long-term separation process. Two different pumps were installed for the operation of a wide range of techniques depending on diverse feed pressure. Two cells were designed in parallel to obtain permeation data of the same membrane simultaneously. During operation, digital balances monitored the mass of permeated liquid with respect to the time of operation to acquire the mass flow rate. Temperature, volumetric flow rate, and pressure were monitored using a temperature indicator (TI), volumetric flow transmitter (FT), and pressure transmitter (PT), respectively. The liquid temperature was maintained as 298 K by circulating water through a water bath.

![Schematic diagram of the NF, RO system.](ao0c02106_0002){#fig10}

The permeation flux (*F*, L m^--2^ h^--1^) and rejection (*R*, %) of the membrane were calculated by the following equations^[@ref28]^where *V* is the volume of the solution permeated during the operation time, *A* is the effective membrane area, Δ*t* is the operation time period (2 h in this study), and *C*~p~ and *C*~f~ are the concentrations of the target element in the permeate and the feed sides, respectively.

4.3. Membrane Permeation Experiments {#sec4.3}
------------------------------------

The membrane module was prepared as follows. Membranes were immersed in deionized (DI) water just after purchase so as to protect the membrane pores from any pollutants. There was no pretreatment such as solvent activation or heat treatment to avoid additional effect on permeation performances of pristine commercial membranes.^[@ref27],[@ref35]^ Then, a sample was cut into the same size as circular porous steel (4.7 cm diameter). Also, the membranes were mounted to be a selective layer facing the feed side. During the experiment, the active area of flat circle membrane was 12.57 cm^2^ because of the space loss by the o-ring. Simulated seawater, which has a concentration of 35,000 ppm, was prepared with NaCl and DI water, while nuclide solutions were prepared from the stock solution. The stock solution (1000 ppm of each nuclide) was prepared with cesium chloride, strontium dichloride hexahydrate, cobalt dichloride hexahydrate, and nitric acid. Then, the feed reservoir (10 ppm) was prepared by hundred times dilution from the stock solution. For the mixed nuclide solution, prepared 10 ppm of each solution was merged. The feed and permeate solutions were collected in glass vials separately. It was confirmed that the concentration variation of feed solution was negligible in terms of operation time because of the huge amount of feed reservoir. During the experiment, the whole system was maintained at 298 K. Each membrane test was conducted after 2 h of operation to reach the steady state before data collection. The membrane permeation test was performed three times to obtain reasonable reproducibility, and the reproducibility was expressed as error bars in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}--[9](#fig9){ref-type="fig"}. Feed samples were collected several times to monitor the concentration difference during operation, and permeate samples were also collected from two different membrane cells.

4.4. Characterization {#sec4.4}
---------------------

HR-SEM (SU8230, Hitachi) was used to examine the membrane surface and cross section. The membranes were immersed in liquid nitrogen to avoid rupture during cutting, and then, the samples were placed on a carbon tape and coated with osmium tetroxide (OsO~4~) to prevent surface discharging. Five different regions of each membrane sample were examined to determine the average thickness of the selective layer. The entire membrane thickness was measured using a digital caliper (547--401, Mitutoyo). Five different regions of each membrane sample were measured to display the average thickness. FT-IR/ATR (Nicolet iS5, Thermo Fisher Scientific) spectra were collected over a wavenumber range of 1800--1450 cm^--1^ to analyze the functional groups of the membranes. TGA (SDT Q600, TA Instruments) was used to obtain thermogravimetric curves. Prior to the TGA measurement, the sample was dried overnight in a vacuum oven at 40 °C to remove physically adsorbed moisture on the membrane surface. For the analysis, the sample was heated from room temperature to 800 °C with a heating rate of 10 °C min^--1^ under 99.999% purity nitrogen gas. The conductivity of aqueous NaCl solution was measured by a conductivity meter (Orion Star A215, Thermo Scientific). Inductively coupled plasma--optical emission spectroscopy (PQ9000 Elite, Analytikjena) was used to obtain the nuclide concentrations of feed and permeate solutions. For the calibration, standard solutions were prepared, ranging from 0 to 1 ppm. Also, the feed samples were diluted 10 times to normalize these into calibration range, while the permeate samples were analyzed as collected. The tensile property of the membranes was measured using a universal testing machine (QM100S, Qmesys). The rectangular test specimens (50 × 35 mm) with known thickness were mounted between the grips of the machine and were then moved to the opposite direction at a constant speed of 1 mm per minute. The load required to break the membrane was measured and calculated as tensile strength.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02106](https://pubs.acs.org/doi/10.1021/acsomega.0c02106?goto=supporting-info).Single-nuclide separation performances from RO membranes in different feed concentrations, single-nuclide separation performances from NF membranes, and mixed nuclide separation performances from RO membranes under 20 bar ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02106/suppl_file/ao0c02106_si_001.pdf))
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